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An observation/execution matching system for walking has not been assessed yet. The
present fMRI study was aimed at assessing whether, as for object-directed actions,
an observation/execution matching system is active for walking and whether the
spatial context of walking (open or narrow space) recruits different neural correlates.
Two experimental conditions were employed. In the execution condition, while being
scanned, participants performed walking on a rolling cylinder located just outside the
scanner. The same action was performed also while observing a video presenting either
an open space (a country field) or a narrow space (a corridor). In the observation
condition, participants observed a video presenting an individual walking on the same
cylinder on which the actual action was executed, the open space video and the
narrow space video, respectively. Results showed common bilateral activations in the
dorsal premotor/supplementary motor areas and in the posterior parietal lobe for both
execution and observation of walking, thus supporting a matching system for this action.
Moreover, specific sectors of the occipital–temporal cortex and the middle temporal
gyrus were consistently active when processing a narrow space versus an open one,
thus suggesting their involvement in the visuo-motor transformation required when
walking in a narrow space. We forward that the present findings may have implications
for rehabilitation of gait and sport training.
Keywords: walking, fMRI, mirror neuron system, space coding, rehabilitation
Introduction
Action observation and recognition are fundamental tasks on which social interactions are based.
From these abilities also derives the capacity to quickly and accurately recognize intentions and
feelings of other individuals based on their non-verbal behavior. There is increasing evidence that
these cognitive tasks may be explained to some extent by a mechanism matching the observed
action and motor behavior with an internal motor representation of that action or motor behavior
in the brain of the observer. Cortical areas endowed with this observation/execution matching
mechanism (mirror mechanism) are known as the mirror neuron system (MNS) (Fabbri-Destro
and Rizzolatti, 2008). This system has been involved in a number of cognitive functions (Hari
and Kujala, 2009) including social cognition (Gallese and Goldman, 1998). In addition, this
system appears to be impaired in autism spectrum disorder where social cognition is markedly
aﬀected (Iacoboni and Dapretto, 2006). It has been forwarded that the MNS embodies a unifying
mechanism active whenever motor representations are recalled as during action observation,
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motor imagery, dreams with a motor content and so on, even in
the absence of overt action (Jeannerod, 2001).
Walking is a complex motor behavior with a special relevance
in social interactions (for review, see Pavlova, 2012). By observing
walking, people can extract a considerable amount of information
including emotional states and intentions of the agent, even
from sketchy descriptions of the body segments as it occurs
with point-light biological motion stimuli (for review, see
Johansson et al., 1980). That said, the cortical representation
of human walking is still poorly understood. Most studies
in the ﬁeld assessed brain activation speciﬁcally related to
execution, imagery and observation of walking, taken separately.
Some studies investigated brain areas common to imagery and
execution or, alternatively, imagery and observation of walking.
To the best of our knowledge, however, the presence of an
observation/execution matching system for this action remains to
be assessed. For sake of completeness, in the following paragraphs
we will shortly review current literature in the ﬁeld considering
ﬁrst studies where execution, imagery and observation of walking
were taken separately. Then, we will report about studies
combining two of these tasks. Finally, we will take into account
studies where the motor representation of foot actions, but not
speciﬁcally walking, was investigated.
During execution of walking, brain imaging studies showed
activations of several cortical (medial part of primary sensory-
motor cortex, pSM, supplementary motor area, SMA, and
premotor cortex, PM) and subcortical (basal ganglia and
cerebellar vermis) structures (Greenstein et al., 1995; Ishii et al.,
1995; Fukuyama et al., 1997; Tashiro et al., 2001). In some cases,
also the recruitment of occipital and associative temporo-parietal
cortices was found. A brain activation pattern similar to that of
walking execution was also found during pure motor imagery of
walking (Malouin et al., 2003; Sacco et al., 2006; Bakker et al.,
2008; Jahn et al., 2008; Wang et al., 2008; la Fougere et al.,
2010; van der Meulen et al., 2012). In very recent studies, a set
of parietal, frontal and temporo-occipital areas was also found
during observation of walking (Abdollahi et al., 2013;Maﬀei et al.,
2015).
Other studies combining walking execution and walking
imagery (Miyai et al., 2001; la Fougere et al., 2010) showed a
pattern of activation largely shared by both tasks. Diﬀerential
activation between the two tasks was present in the primary
motor cortex, which was typically engaged only during the
actual execution of action. Motor imagery of walking has been
compared also to walking observation (Iseki et al., 2008). Among
common cortical structures subserving both tasks there were
dorsal PM area bilaterally, left SMA and right SPL. In summary,
results indicate a recruitment of the cortical sensory-motor
system, with a signiﬁcant convergence between execution and
imagery on the one hand and imagery and observation on
the other. Indeed, the notion that motor imagery and motor
execution share common neural substrates is well established also
for hand actions (Stephan et al., 1995; Decety, 1996; Porro et al.,
1996; Gerardin et al., 2000; Solodkin et al., 2004).
It is worth stressing that for technical reasons, in all studies
mentioned above where PET was employed, actual walking was
an oﬄine task executed before undergoing scanning. As for fMRI
studies, since walking is a motor task rather hard to be performed
in a scanner, participants were asked to perform a motor imagery
since imagery and actual walking execution partially share the
same neural substrates.
Some studies have assessed the neural structures involved in
foot and leg actions, but not speciﬁcally walking. The activation
of a dorsal sector of the PM cortex and the parietal lobe has
been shown during mere observation of foot actions (Buccino
et al., 2001; Wheaton et al., 2004; Sakreida et al., 2005). During
motor imagery of foot plantar- and/or dorsiﬂexion (Cramer et al.,
2005, 2007; Gustin et al., 2010), activations were found in the
pSM cortex and SMA but also in the cerebellum and subcortical
structures (basal ganglia and thalamus). Similar activations were
also found in studies where participants were asked to perform
actual execution of foot actions in combination with motor
imagery or observation of the same actions (Laﬂeur et al., 2002;
Alkadhi et al., 2005; Enzinger et al., 2008; Hotz-Boendermaker
et al., 2008; Orr et al., 2008; Rocca and Filippi, 2010; Yuan
et al., 2010). Christensen et al. (2000) showed a similar pattern
of activation during execution and imagination of bicycling.
The present fMRI study was aimed at investigating the
common neural structures recruited during the execution and
observation of walking. In order to study the correlates of
active walking inside the MR scanner, we employed a rolling
cylinder that allowed participants to move lower limbs as if they
were really walking. Moreover, we were interested in assessing
whether walking in diﬀerent environments, namely an open
space (country ﬁeld) or a narrow space (corridor) may recruit
diﬀerent and speciﬁc neural substrates. Because of its motor
relevance, in fact, there is evidence that the space near the
body is diﬀerently coded from the space far from the body
(Fogassi and Luppino, 2005; Brozzoli et al., 2012). At least for
the hand, neurons were discovered in the monkey that preferred
actions performed either near or far from the animal (Caggiano
et al., 2009). Recent results by Costantini et al. (2010), suggest
that perceiving aﬀordances of an object recruits a motor act
only when the object is presented within the near space of
participants where interactions with objects are possible. As far
as walking is concerned, behavioral and clinical evidence suggest
that diﬀerent space features in which walking occurs may be
diﬀerently coded (Hashimoto, 2006; Salsone et al., 2009; Schicke
et al., 2009).
Materials and Methods
Subjects
We studied 18 healthy Italian subjects (7 females, mean age
24, range 19–28 years) with no previous history of neurological
or psychiatric disorders. All participants gave written informed
consent, according to the Helsinki Declaration. The present study
was approved by the Ethical Committee of the University “Magna
Graecia” of Catanzaro.
Stimuli
The stimuli presented in the experiment consisted of video clips
depicting either a walking action or diﬀerent spatial contexts
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(Figure 1). The Walking video clip showed the lower limbs
of an individual lying supine and performing a walking action
on a rolling cylinder. The Open Space video clip showed a
countryside view while the Narrow Space video clip showed a
narrow corridor. In both the videos depicting a space, the scene
was ﬁlmed while the cameraman was actually walking in the
countryside or in the corridor. In this way, the observation of
these videos gave participants the feeling of walking into the
observed space. Still images taken from the above mentioned
video clips served as controls (Still Walking, Still Open Space
and Still Narrow Space). Each video clip and the corresponding
still image lasted 21 s and were preceded by the presentation
(3 s) of written words at the center of the screen in order to cue
participants.
Experimental Procedure
Each participant comfortably lay in the scanner with a forehead
restraining strip and foam pads to ensure head ﬁxation and
minimize motion during scanning. Moreover, an adhesive band
was ﬁxed on the participant’s jaw to help control movement.
Visual stimuli were projected on an acrylic screen inside the
MRI room. A mirror was placed on the head coil at 45◦
to the screen and the participant’s line of sight. Functional
MRI timing parameters and triggering of the visual stimulation
were performed by an in-house software developed in LabView
(National Instruments, Austin, TX, USA). Before scanning, all
participants completed a 10-min practice session (which included
stimuli diﬀerent from those presented in the scanner). A cylinder
rolling around a pivot was positioned in correspondence of the
feet of participants that had their legs supported by a semi-rigid
wedge (Figure 2).
The study consisted of two experimental conditions: (1)
execution and (2) observation. During execution, subjects
performed three diﬀerent tasks: (a) walking on a rolling cylinder
while looking at a gray screen (Walking, WW), (b) walking
on a rolling cylinder while looking at the Open Space video
(Open Space Walking,WO) and (c) walking on a rolling cylinder
while looking at the Narrow Space video (Narrow Space Walking,
WN). For each of these tasks, we used the following as controls:
(a) gently pressing the rolling cylinder with the feet while
looking at a gray screen (Control for Walking, CWW), (b) gently
pressing the rolling cylinder with the feet while looking at
the Still Open Space (Control for Open Space Walking, CWO),
and (c) gently pressing the rolling cylinder with the feet while
looking at Still Narrow Space (Control for Narrow Space Walking,
CWN). Before scanning, participants were trained to walk on
the rolling cylinder and minimize head and trunk movements.
During observation, participants performed the following tasks:
(a) observing the Walking video (Walking Observation, OW),
(b) observing the Open Space video (Open Space Observation,
OO) and (c) observing the Narrow Space video (Narrow Space
Observation, ON). For each of these tasks, we used the following
as controls (a) observing the Still Walking (Control for Walking
Observation, COW), (b) observing the Still Open Space (Control
for Open Space Observation, COO), and (c) observing the Still
Narrow Space (Control for Narrow Space Observation, CON).
Each task was cued by a written instruction. The appearance of
the words ‘cammina’ (i.e., walk), ‘premi’ (i.e., press), and ‘guarda’
(i.e., look at) cued participants to perform the diﬀerent tasks.
The present study used a block design with a pseudo-random
presentation of the tasks (Figure 3). Each task was followed by
the correspondent control (e.g., when participants walked on the
rolling cylinder while looking at a gray screen, what followed
was the control in which participants gently pressed the rolling
cylinder with their feet while looking at the gray screen) and was
presented four times.
Data Acquisition
MR data were acquired with a 3 Tesla scanner (Discovery MR-
750, General Electric, Milwaukee, WI, USA) equipped with a
32-channel receiver head-coil. Functional images were acquired
using a T2*-weighted gradient-echo, echo-planar (EPI) pulse
sequence (acceleration factor (asset) 2, 32 interleaved transverse
slices covering the whole brain, TR = 2000ms, TE = 30ms,
ﬂip-angle = 90◦, FOV = 240 mm × 240mm, inter-slice
gap = 0 mm, slice thickness = 4 mm, in-plane resolution
1.88 mm × 1.88 mm). From each participant, 576 volumes were
collected in a single session. Additionally, a 3D structural T1-
weighted spoiled gradient (SPGR) echo sequence was acquired.
Data Analysis
Data analysis was performed with SPM8 (Statistical Parametric
Mapping software by the Wellcome Trust Centre for
Neuroimaging, Leopold Muller Functional Imaging Laboratory,
University College of London, London, UK; http://www.ﬁl.
ion.ucl.ac.uk) running on MATLAB R2011a (The Mathworks,
FIGURE 1 | Stimuli. (A) A still frame taken from the video clip showing an individual lying supine and walking on a rolling cylinder. (B) A still frame taken from the
video clip showing a countryside view (open space). (C) A still frame taken from the video clip showing a corridor (narrow space).
Frontiers in Psychology | www.frontiersin.org 3 October 2015 | Volume 6 | Article 1502
Dalla Volta et al. Walking in, walking out: an fMRI study
FIGURE 2 | Experimental set up. Picture showing a participant walking on
the rolling cylinder while being scanned.
FIGURE 3 | Experimental design. Graphic representation of the
experimental design used in the present experiment. Twenty-four seconds
included 3 s for the presentation of a written instruction and 21 s of task
duration.
Inc., Natick, MA, USA). The mean EPI was ﬁrst computed for
each participant and visually inspected to ensure that none
showed artifacts. The ﬁrst four EPI volumes of each functional
run were discarded to allow for T1 equilibration eﬀects. For
each subject, all volumes were spatially realigned to the ﬁrst
volume of the run. Next, images were normalized to the EPI
SPM template, re-sampled in 2 mm × 2 mm × 2mm voxels
using trilinear interpolation in space and spatially smoothed
with an 8 mm full-width half-maximum isotropic Gaussian
kernel for the group analysis. Two participants showing
head movements greater than 2 mm were excluded from all
subsequent analyses.
Data were analyzed using a random-eﬀects model (Friston
et al., 1999), implemented in a two-level procedure. In the
ﬁrst level, single-subject fMRI data entered an independent
General Linear Model (GLM) by design-matrixes modeling the
onsets and durations of 12 experimental factors, 6 related to the
experimental tasks, and 6 related to their corresponding controls.
For each participant, we generated contrast images displaying the
eﬀect of the experimental tasks contrasted with the respective
controls: WW-CWW, WO-CWO, WN-CWN, OW-COW, OO-
COO, ON-CON. In addition, images displaying the eﬀect of
walking in a narrow space contrasted with walking in an open
one and vice versa, and images displaying the eﬀect of observing
a narrow space contrasted with observing an open one and vice
versa were generated: WN-WO, WO-WN, ON-OO, OO-ON.
Next, each contrast entered a second-level GLM to obtain: (i)
SPM{T} maps (one sample t-test) related to each task at group-
level and (ii) SPM{min(T)} maps (conjunction analysis) to test for
(a) the existence of an observation/execution matching system
for walking using the following contrasts (WW-CWW)∩(OW-
COW), and (b) the existence of areas speciﬁcally involved in
coding peripersonal and extrapersonal space, using the following
contrasts: (WN-WO)∩(ON-OO) and (WO-WN)∩(OO-ON),
respectively (Friston et al., 1999). To this aim, we performed
an SPM ‘conjunction null’ analysis (Nichols et al., 2005). Given
the conservative nature of this analysis (Friston et al., 2005), we
report data with a p-value< 0.001 uncorrected. A threshold of 10
was applied on cluster dimension. For all analyses, location of the
activation foci was determined in the stereotaxic space of theMNI
coordinates system. Those cerebral regions for which maps are
provided were also localized with reference to cytoarchitectonical
probabilistic maps of the human brain, using the SPM-Anatomy
toolbox v1.7 (Eickhoﬀ et al., 2005).
Head Movement
Since we asked for actual execution of walking inside the scanner,
we were particularly careful in evaluating motion artifacts and
minimizing their impact on the results. To this aim, for each
subject all volumes were realigned to the ﬁrst acquired one
by applying a 6-parameters (rigid body) spatial transformation
computed for each volume using a least-square approach. The
mean head movement parameters were: x-direction 0.49 mm
(±0.33), y-direction 0.41 (±0.26), and z-direction 1.94 (±1.13).
The estimated six spatial transformation parameters computed
for each volume entered as regressors in the subsequent model
design matrix to de-convolve the head movement eﬀect from the
hemodynamic response.
Results
The main results of the conjunction analyses are shown in
Figure 4. Table 1 lists the MNI standard brain coordinates of
the local maxima of BOLD-signal increases as revealed by all
conjunction analyses. Common activations for execution and
observation of walking, as revealed by the conjunction analysis
(WW-CWW)∩(OW-COW), are shown in Figure 4A. Basically,
a set of parieto-frontal areas emerged. Frontal activation foci
were present in SMA and extended to adjacent dorsal PM cortex,
bilaterally. In the right hemisphere a distinct spot in the dorsal
premotor cortex was also present. Parietal activation foci were
present in right SPL and in IPL bilaterally. In addition, activation
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FIGURE 4 | Common brain activations from conjunction null analysis. (A) Upper row: Activations common to walking observation and execution (p < 0.001,
uncorrected, k = 10). Activity is superimposed on a rendered brain viewed from the right (left panel), the left (middle panel), and the top (right panel). (B) Lower row:
Activations specifically related to the processing of a narrow space as compared to an open one (p < 0.001 uncorrected, k = 10). Activity is superimposed on a
rendered brain viewed from the right (left panel), the left (middle panel), and the posterior (left panel).
foci were present also in the cerebellar vermis and in both
cerebellar hemispheres.
Cerebral activations related to the processing of a narrow
space with respect to an open one, as revealed by the conjunction
analysis (WN-WO)∩(ON-OO), are shown in Figure 4B.
Basically, a set of occipital and parietal areas emerged. In
particular, an occipital activation focus was located in the right
middle occipital gyrus (MOG). The most caudal part of the
intraparietal sulcus intersecting the transverse occipital sulcus
(IntraParietal-TransverseOccipital, IPTO) was active bilaterally,
but more largely represented in the left hemisphere where it
extended toward the SPL.
Cerebral activations related to the processing of an open space
with respect to a narrow one, as assessed by the conjunction
analysis (WO-WN)∩(OO-ON), were found in the left inferior
occipital gyrus.
Discussion
The present ﬁndings support the existence of an
observation/execution matching system for walking and
the presence of speciﬁc brain areas devoted to the coding of near
space during walking. We will discuss these points eventually
including their potential implication in rehabilitation of walking.
By means of an experimental setting where participants had
the possibility to walk on a rolling cylinder while being scanned,
we could investigate active walking, in addition to walking
observation, while reducing to a minimum movement artifacts.
However, it is worth underlining that walking in a scanner
remains an approximation of walking in natural contexts, thus
preventing us from the possibility of assessing the role of postural
adjustments, gravity and so on. That said, the results of the
present study revealed a set of parieto-frontal areas active during
both execution and observation of walking, including the dorsal
PM, SMA, IPL, and a dorsal sector of SPL. These areas therefore,
may be considered part of a wider system recruited during both
execution and observation of actions performed with diﬀerent
biological eﬀectors (MNS, Rizzolatti and Craighero, 2004; Fabbri-
Destro and Rizzolatti, 2008; Hari and Kujala, 2009). So far, in
the monkey there is no evidence of an observation/execution
matching system speciﬁc for lower limb actions including
walking while a mirror mechanism has been described for hand
or mouth actions (Gallese et al., 1996; Rizzolatti et al., 1996;
Ferrari et al., 2003; Rizzolatti and Craighero, 2004). As for
humans, several imaging studies suggest that the MNS is not
restricted to hand- and mouth-related actions but it extends also
to cover foot actions (Buccino et al., 2001; Wheaton et al., 2004;
Sakreida et al., 2005). The present data extend the MNS also to
walking and are in line with previous studies assessing the neural
substrates of walking imagery (Malouin et al., 2003; Sacco et al.,
2006; Bakker et al., 2008; Jahn et al., 2008; Wang et al., 2008;
la Fougere et al., 2010; van der Meulen et al., 2012). As a whole,
they further support the notion that action execution, action
observation and motor imagery share common neural structures
(Jeannerod, 2001).
The frontal nodes of the MNS for walking are represented
by the SMA and the dorsal PM. Previous studies reported that
rostral SMA is particularly active in planning spatiotemporal
aspects of action and in updating motor plans for temporally
ordered subsequent movements (Roland et al., 1980; Tanji and
Kurata, 1985; Shibasaki et al., 1993). The recruitment of SMA
in the present study suggests a role for this area in providing
proper sequencing and timing of limb movements during actual
walking. Dorsal PM is endowed with a motor representation of
lower limbs (Kurata, 1989; Godschalk et al., 1995) and a role
Frontiers in Psychology | www.frontiersin.org 5 October 2015 | Volume 6 | Article 1502
Dalla Volta et al. Walking in, walking out: an fMRI study
TABLE 1 | MNI coordinates of local maxima of the activation foci (conjunction null analysis).
AnatomicalRegion (ATB∗) Left (ATB∗) Right
x y z Z-score x y z Z-score
(A) Walking observation/execution
-Supplementary Motor Area (SMA) (6) −2 −18 76 4.68
-SMA −4 −38 74 4.85 6 −38 74 4.62
-Precentral Gyrus 38 −8 66 3.67
-Superior Parietal Lobule 32 −52 72 3.43
-Inferior Parietal Lobule (PF) −58 −40 48 3.84 (PF) 60 −32 46 5.08
-Cerebellum (Vermis) −4 −72 –42 4.62
-Cerebellum −26 −46 –28 3.95 20 −36 –28 4.31
(B)Narrow vs. open space walk
-IntraParietal-TransverseOccipital (IPTO) −34 −86 18 3.62
-IPTO (7, 18) −14 −90 30 3.74 28 −86 22 3.65
-IPTO −14 −86 38 3.77
-Middle Occipital Gyrus (MOG) (PG) 52 −70 12 3.80
(C)Open vs. narrow space walk
-Inferior Occipital Gyrus (17) −14 −98 −8 4.18
(A) Conjunction investigating common brain activations during walking execution and walking observation.
(B) and (C) Conjunctions which investigated walking in narrow and open space, respectively.
All reported local maxima were significant with p < 0.001 uncorrected and an extent threshold k = 10 voxels.
∗ATB: most probable anatomical region in the Anatomy Toolbox 1.7, as reported by Eickhoff et al., 2005.
of this region in locomotor control has long been suggested
(Freund and Hummelsheim, 1985). Dorsal PM, therefore, may
exert the control of walking especially when it is guided by visual
information. In the right hemisphere there also was a distinct
dorsal premotor spot that largely coincides with the one described
by Buccino et al. (2001) during the observation of foot actions,
either object- or non-object-directed.
The posterior nodes of the MNS for walking are represented
by sectors of the posterior parietal cortex. The dorsal portion
of SPL is involved in integrating proprioceptive information
related to the current body position into a motor plan (Andersen
et al., 1997; de Lange et al., 2006) and in combining visual and
somatosensory information in order to guide spatially directed
movements (Andersen et al., 1997; Wenderoth et al., 2006).
During walking execution, SPL activation may be related to the
processing of visual and somatosensory feedback. During walking
observation the same functional activation may represent a
re-enactment of the sensory aspects of the observed action.
Indeed a mirror mechanism has been described also for sensory
information (Keysers et al., 2004; Ebisch et al., 2008; Gazzola and
Keysers, 2009). It has been proposed that actual and imagined
movements involve prediction of the sensory consequences of
the action (Wolpert et al., 1998; Blakemore and Sirigu, 2003).
This may be true also for observed actions. Bakker et al.
(2008) reported activation of a dorsomedial sector of SPL closely
corresponding to that of the present study when participants
performed a motor imagery of walking along a narrow path
compared to a broad path. The authors interpreted this ﬁnding
as indicating that during motor imagery sensory information is
generated in the absence of concurrent action production.
As for IPL, this cortical sector has long been involved in
coding the pragmatic features of an object that are relevant for a
biological eﬀector (for instance, the hand) in order to act properly
upon it (Binkofski et al., 1999; Chao andMartin, 2000; Grèzes and
Decety, 2002; Grèzes et al., 2003). We suggest that during walking
IPL may code the interaction between foot and the surface on
which individuals are requested to walk. In other words, this
region may provide information on pragmatic features of the
surface (for instance, the presence of holes or bumps) relevant for
walking properly on it. It is noteworthy that in the present study
while actually walking, participants had to interact with a rolling
cylinder. In previous studies IPL has been shown to be involved in
motor imagery (Malouin et al., 2003) and observation of walking
(Iseki et al., 2008).
During both observation and execution of walking, we found
a set of activation foci also in the cerebellum which included
the vermis and both cerebellar hemispheres. Cerebellar activation
during execution and imagery of walking (Fukuyama et al.,
1997; la Fougere et al., 2010; van der Meulen et al., 2012) as
well as during lower limb movements (Rocca and Filippi, 2010)
was previously found. Despite the cerebellum is not considered
as a node of the MNS, it might come into play whenever
motor sequences such as walking are executed and/or observed
(Molinari et al., 2008).
As far as space coding is concerned, our ﬁndings show that
there are speciﬁc regions in the brain involved in the coding of
a narrow space as compared to an open one. When considering
hand-object interactions, pivotal electrophysiological studies in
the monkey showed the existence of bimodal visual and tactile
neurons that discharge when the objects are within a reachable
distance. Such neurons have been identiﬁed in several regions
of the monkey brain, including PM and parietal areas, and it
has been forwarded that they code for a near space where it
is possible for individuals to interact with objects (Rizzolatti
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et al., 1997; Fogassi et al., 1999; Graziano, 2001). This space
has been called peripersonal space to distinguish it from a far
space irrelevant for action execution (extrapersonal space). In
humans, brain imaging studies have conﬁrmed the presence of
a parieto-frontal circuit coding for peripersonal space around the
face and hands (Bremmer et al., 2001; Sereno and Huang, 2006;
Makin et al., 2007), with additional areas centered in superior
parieto-occipital cortex (Quinlan and Culham, 2007; Gallivan
et al., 2009) and lateral occipital cortex (Makin et al., 2007).
In keeping with fMRI studies, behavioral studies have shown a
clear distinction between a peripersonal and an extrapersonal
space (for review see Spence et al., 2004, 2008; Brozzoli et al.,
2012). All these studies focused on face/hand-object interactions
in peripersonal space while less evidence is available for the
coding of a motorically relevant space for foot actions. There
is a suggestion that a peripersonal space representation would
seem to be an eﬃcient organizational principle not only for the
upper but also for the lower limb (Graziano et al., 2002; Graziano
and Cooke, 2006). In a behavioral study, for instance, Schicke
et al. (2009) employed a cross modal congruency task and found
that congruency eﬀects did not diﬀer between hand and foot
suggesting a representation of peripersonal space also around the
feet. It is worth stressing that in our study, when participants were
required to observe a narrow space or to walk in it, they perceived
this space as peripersonal since the diﬀerent elements in the seen
environment (for instance, the walls of the corridor) were at a
reachable distance. In contrast, when participants were required
to observe an open space or to walk in it, they perceived this space
as extrapersonal since the diﬀerent elements (for instance, trees
and hills in the background) were perceived as too far to interact
with them. In the present study, when participants had to process
a near space, speciﬁc activations were found in the right MOG
and in the IPTO bilaterally, but more largely represented in the
left hemisphere.
The right MOG corresponds to the area found active by
Bakker et al. (2008) in the imagery of walking along a narrow
path as compared to a broad one. This area is close to the
lateral occipital cortex labeled as extrastriate body area (EBA) by
Downing et al. (2001) that is recruited during the observation
of diﬀerent body parts even when they imply little motion.
Bakker et al. (2008) suggested that MOG activity reﬂects the
generation of accurate predictions of the sensory (presumably
visual) consequences of a speciﬁc motor plan. As in Bakker et al.
(2008), in both space videos our participants did not observe
any body parts so the explanation provided by these authors
may also ﬁt our data. In more general terms, we suggest that
this activation may call for a visual description of the position
of body parts including foot in our particular walking set. This
interpretation is well supported by the fact that in the present
experiment MOG activity appears stronger in the narrow space
as compared to an open one. Indeed, in the narrow space a
more accurate visual description of one’s own body parts is a
key requirement to interact properly with the environment. This
means that extrastriate regions might be involved in generating
visual imagery relevant to motor control (Toni et al., 2002;
Astaﬁev et al., 2004; Helmich et al., 2007), as reported in other
sensory domains (Blakemore and Sirigu, 2003).
As for the IPTO, Makin et al. (2007) showed a greater
activation of this region in all conditions in which an object
moved toward the participant’s body (near space) independent
of the fact that a biological eﬀector will interact with the object
or not. Activation of the IPTO was also found in a PET study
by Binkofski et al. (2003) when participants had to reach for a
virtual object in amirror positioned in front of the observer. Since
this was a PET study, these ﬁndings are not fully comparable
with the present ones. Nevertheless, it is worth stressing that
also in the condition described by Binkofski et al. (2003) the
virtual object was perceived in the near space of participants.
Moreover, according to the coordinates provided by Pisella et al.
(2009), IPTO is part of a region potentially damaged in patients
with optic ataxia (OA). Classically, OA is considered a disorder
of reaching objects presented in peripheral vision following an
impairment in visuomotor integration. Since IPTO appears to
code for a near space as distinct from a far one, it is reasonable
that a lesion of this area may contribute to the clinical picture of
OA patients. Altogether, our ﬁndings and those of the literature
reviewed so far strongly suggest a speciﬁc role for IPTO in
distinguishing a near space from an open and far one. As Makin
et al. (2007) found this sector during a task involving the hand
while in the present study we consider a task speciﬁcally related to
foot actions, it is most likely that the representation of near space
coded in IPTO is independent of a speciﬁc biological eﬀector and
may constitute a preliminary processing of space subserving any
further visuomotor transformation involving objects located in
it.
Greater activation during processing the open space as
compared to the narrow one was found in the primary visual
cortex. The most likely explanation for this ﬁnding is that the
landscape depicted in the open space video was full of diﬀerent
elements (grass, road, houses, street lamp, mountains, and so on)
which made the scene more vivid and visually complex than the
one depicted in the narrow space video.
In our opinion the present ﬁndings may have implications
in the ﬁeld of rehabilitation. Indeed, they show that observing
walking actions, by triggering the MNS, is eﬀective in recruiting
sectors of the cortical motor system involved in the execution of
the same motor tasks. As mentioned above, it has been shown
that the motor system and in particular the MNS is involved
in motor execution, action observation and motor imagery. For
several years, motor imagery has been used in the rehabilitation
practice and sports (Mulder, 2007). The recruitment of motor
representations, driven by motor imagery, can improve the
quality of motor performance, even in the absence of an actual
execution of action. It has been proposed (Buccino et al., 2006;
Small et al., 2013) that, similarly to motor imagery, the careful
observation of actions made in an ecological context may be a
valid approach in rehabilitation (action observation treatment,
AOT), since even action observation has proven to be eﬀective
in recruiting the motor representations of the observed actions.
During AOT, patients are required to carefully observe and
soon afterward execute diﬀerent daily actions presented through
video-clips (Small et al., 2013; Buccino, 2014). So far, AOT has
been successfully applied to chronic stroke patients (Ertelt et al.,
2007) and to the recovery of daily activities in PD patients
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(Buccino et al., 2011). Recently, a case-control study has been
conducted on the eﬃcacy of AOT in children aﬀected by cerebral
palsy (Buccino et al., 2012).
It is worth stressing that AOT has been shown to be eﬀective
also in the rehabilitation of lower limbs motor function. In
detail, Pelosin et al. (2010) used AOT in the recovery of walking
ability in PD patients with freezing of gait and Bellelli et al.
(2010) in the rehabilitation of orthopedic patients that had
undergone hip or knee replacement surgery. In our opinion,
the ﬁndings of the present study, by showing the existence
of an observation/execution matching system for lower limbs
actions including walking, provide neurophysiological basis for
this clinical evidence.
Furthermore, action observation of lower limbs actions has
the potential to be exploited also in a variety of ﬁelds including
educational activities and sport. In fact, to the best of our
knowledge, while motor imagery has been used (for review,
see Mulder, 2007) as a training strategy for athletes, even at
competitive levels, the potential of AOT in this respect has never
been systematically investigated.
Acknowledgment
We thank Vincenzo Vaiti and Federico Rocca for their help in
carrying out the present study.
References
Abdollahi, R. O., Jastorﬀ, J., and Orban, G. A. (2013). Common and segregated
processing of observed actions in human SPL. Cereb. Cortex 23, 2734–2753.
doi: 10.1093/cercor/bhs264
Alkadhi, H., Brugger, P., Boendermaker, S. H., Crelier, G., Curt, A., Hepp-
Reymond, M. C., et al. (2005). What disconnection tells about motor
imagery: evidence from paraplegic patients. Cereb. Cortex 15, 131–140. doi:
10.1093/cercor/bhh116
Andersen, R. A., Snyder, L. H., Bradley, D. C., and Xing, J. (1997).
Multimodal representation of space in the posterior parietal cortex and
its use in planning movements. Annu. Rev. Neurosci. 200, 303–330. doi:
10.1146/annurev.neuro.20.1.303
Astaﬁev, S. V., Stanley, C. M., Shulman, G. L., and Corbetta, M. (2004). Extrastriate
body area in human occipital cortex responds to the performance of motor
actions. Nat. Neurosci. 7, 542–548. doi: 10.1038/nn1241
Bakker, M., de Lange, F. P., Helmich, R. C., Scheeringa, R., Bloem, B. R., and
Toni, L. (2008). Cerebral correlates of motor imagery of normal and precision
gait. Neuroimage 41, 998–1010. doi: 10.1016/j.neuroimage.2008.03.020
Bellelli, G., Buccino, G., Bernardini, B., Padovani, A., and Trabucchi, M. (2010).
Action observation treatment improves recovery of postsurgical orthopedic
patients: evidence for a top-down eﬀect? Arch. Phys. Med. Rehabil. 91,
1489–1494. doi: 10.1016/j.apmr.2010.07.013
Binkofski, F., Buccino, G., Posse, S., Seitz, R. J., Rizzolatti, G., and Freund, H.
(1999). A fronto-parietal circuit for object manipulation in man: evidence
from an fMRI-study. Eur. J. Neurosci. 11, 3276–3286. doi: 10.1046/j.1460-
9568.1999.00753.x
Binkofski, F., Butler, A., Buccino, G., Heide, W., Fink, G., Freund, H., et al. (2003).
Mirror apraxia aﬀects the peripersonal mirror space. A combined lesion and
cerebral activation study. Exp. Brain Res. 153, 210–219.
Blakemore, S. J., and Sirigu, A. (2003). Action prediction in the cerebellum and
in the parietal lobe. Exp. Brain Res. 153, 239–245. doi: 10.1007/s00221-00
3-1597-z
Bremmer, F., Schlack, A., Shah, N. J., Zaﬁris, O., Kubischik, M., Hoﬀmann, K.,
et al. (2001). Polymodal motion processing in posterior parietal and premotor
cortex: a human fMRI study strongly implies equivalencies between humans
and monkeys. Neuron 29, 287–296. doi: 10.1016/S0896-6273(01)00198-2
Brozzoli, C., Makin, T. R., Cardinali, L., Holmes, N. P., and Farnè, A. (2012).
“Peripersonal space. A multisensory interface for body–object interactions,” in
The Neural Bases of Multisensory Processes, Chap. 23, eds M. M. Murray and
M. T. Wallace (Boca Raton, FL: CRC Press).
Buccino, G. (2014). Action observation treatment: a novel tool in
neurorehabilitation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369, 20130185. doi:
10.1098/rstb.2013.0185
Buccino, G., Arisi, D., Gough, P., Aprile, D., Ferri, C., Serotti, L., et al. (2012).
Improving upper limbmotor functions through action observation treatment: a
pilot study in children with cerebral palsy.Dev. Med. Child Neurol. 54, 822–828.
doi: 10.1111/j.1469-8749.2012.04334.x
Buccino, G., Binkofski, F., Fink, G. R., Fadiga, L., Fogassi, L., Gallese, V.,
et al. (2001). Action observation activates premotor and parietal areas in
a somatotopic manner: an fMRI study. Eur. J. Neurosci. 13, 400–404. doi:
10.1046/j.1460-9568.2001.01385.x
Buccino, G., Gatti, R., Giusti, M. C., Negrotti, A., Rossi, A., Calzetti, S., et al.
(2011). Action observation treatment improves autonomy in daily activities
in Parkinson’s disease patients: results from a pilot study. Mov. Disord. 26,
1963–1964. doi: 10.1002/mds.23745
Buccino, G., Solodkin, A., and Small, S. L. (2006). Functions of the mirror neuron
system: implications for neurorehabilitation. Cogn. Behav. Neurol. 19, 55–63.
doi: 10.1097/00146965-200603000-00007
Caggiano, V., Fogassi, L., Rizzolatti, G., Their, P., and Casile, A. (2009). Mirror
neurons diﬀerentially encode the peripersonal and extrapersonal space of
monkeys. Science 324, 403–406. doi: 10.1126/science.1166818
Chao, L. L., and Martin, A. (2000). Representation of manipulable man-
made objects in the dorsal stream. Neuroimage 12, 478–484. doi:
10.1006/nimg.2000.0635
Christensen, L. O., Johannsen, P., Sinkjaer, T., Petersen, N., Pyndt, H. S., and
Nielsen, J. B. (2000). Cerebral activation during bicycle movements inman. Exp.
Brain Res. 135, 66–72. doi: 10.1007/s002210000493
Costantini, M., Ambrosini, E., Tieri, G., Sinigaglia, C., and Committeri, G. (2010).
Where does an object trigger an action? An investigation about aﬀordances in
space. Exp. Brain Res. 207, 95–103. doi: 10.1007/s00221-010-2435-8
Cramer, S. C., Lastra, L., Lacourse, M. G., and Cohen, M. J. (2005). Brain
motor system function after chronic, complete spinal cord injury. Brain 128,
2941–2950. doi: 10.1093/brain/awh648
Cramer, S. C., Orr, E. L., Cohen, M. J., and Lacourse, M. G. (2007). Eﬀects of motor
imagery training after chronic, complete spinal cord injury. Exp. Brain Res. 177,
233–242. doi: 10.1007/s00221-006-0662-9
Decety, J. (1996). Do imagined and executed actions share the same neural
substrate? Brain Res. Cogn. Brain Res. 3, 87–93. doi: 10.1016/0926-
6410(95)00033-X
de Lange, F. P., Helmich, R. C., and Toni, I. (2006). Posture inﬂuences
motor imagery: an fMRI study. Neuroimage 33, 609–617. doi:
10.1016/j.neuroimage.2006.07.017
Downing, P. E., Jiang, Y., Shuman, M., and Kanwisher, N. (2001). A cortical area
selective for visual processing of the human body. Science 293, 2470–2473. doi:
10.1126/science.1063414
Ebisch, S. J., Perrucci, M. G., Ferretti, A., Del Gratta, C., Romani, G. L., and
Gallese, V. (2008). The sense of touch: embodied simulation in a visuotactile
mirroring mechanism for observed animate or inanimate touch. J. Cogn.
Neurosci. 20, 1611–1623. doi: 10.1162/jocn.2008.20111
Eickhoﬀ, S. B., Stephan, K. E., Mohlberg, H., Grefkes, C., Fink, G. R.,
Amunts, K., et al. (2005). A new SPM toolbox for combining probabilistic
cytoarchitectonic maps and functional imaging data. Neuroimage 25, 1325–
1335. doi: 10.1016/j.neuroimage.2004.12.034
Enzinger, C., Ropele, S., Fazekas, F., Loitfelder, M., Gorani, F., Seifert, T., et al.
(2008). Brain motor system function in a patient with complete spinal cord
injury following extensive brain-computer interface training. Exp. Brain Res.
190, 215–223. doi: 10.1007/s00221-008-1465-y
Ertelt, D., Small, S., Solodkin, A., Dettmers, C., McNamara, A.,
Binkofski, F., et al. (2007). Action observation has a positive impact on
Frontiers in Psychology | www.frontiersin.org 8 October 2015 | Volume 6 | Article 1502
Dalla Volta et al. Walking in, walking out: an fMRI study
rehabilitation of motor deﬁcits after stroke. Neuroimage 36, 164–173. doi:
10.1016/j.neuroimage.2007.03.043
Fabbri-Destro, M., and Rizzolatti, G. (2008). Mirror neurons and mirror
systems in monkeys and humans. Physiology (Bethesda) 23, 171–179. doi:
10.1152/physiol.00004.2008
Ferrari, P. F., Gallese, V., Rizzolatti, G., and Fogassi, L. (2003). Mirror neurons
responding to the observation of ingestive and communicative mouth actions
in the monkey ventral premotor cortex. Eur. J. Neurosci. 17, 1703–1714. doi:
10.1046/j.1460-9568.2003.02601.x
Fogassi, L., and Luppino, G. (2005). Motor functions of the parietal lobe. Curr.
Opin. Neurobiol. 15, 626–631. doi: 10.1016/j.conb.2005.10.015
Fogassi, L., Raos, V., Franchi, G., Gallese, V., Luppino, G., and Matelli, M. (1999).
Visual responses in the dorsal premotor area F2 of the macaque monkey. Exp.
Brain Res. 128, 194–199. doi: 10.1007/s002210050835
Freund, H. J., and Hummelsheim, H. (1985). Lesions of premotor cortex in man.
Brain 108, 697–733. doi: 10.1093/brain/108.3.697
Friston, K. J., Holmes, A. P., Price, C. J., Büchel, C., and Worsley, K. J. (1999).
Multisubject fMRI studies and conjunction analyses. Neuroimage 10, 385–396.
doi: 10.1006/nimg.1999.0484
Friston, K. J., Penny, W. D., and Glaser, D. E. (2005). Conjunction revisited.
Neuroimage 25, 661–667. doi: 10.1016/j.neuroimage.2005.01.013
Fukuyama, H., Ouchi, Y., Matsuzaki, S., Nagahama, Y., Yamauchi, H., Ogawa, M.,
et al. (1997). Brain functional activity during gait in normal subjects: a SPECT
study. Neurosci. Lett. 228, 183–186. doi: 10.1016/S0304-3940(97)00381-9
Gallese, V., Fadiga, L., Fogassi, L., and Rizzolatti, G. (1996). Action recognition in
the premotor cortex. Brain 119, 593–609. doi: 10.1093/brain/119.2.593
Gallese, V., and Goldman, A. (1998). Mirror neurons and the simulation
theory of mind-reading. Trends Cogn. Sci. 2, 493–501. doi: 10.1016/S1364-
6613(98)01262-5
Gallivan, J. P., Cavina-Pratesi, C., and Culham, J. C. (2009). Is that within
reach? fMRI reveals that the human superior parieto-occipital cortex
encodes objects reachable by the hand. J. Neurosci. 29, 4381–4391. doi:
10.1523/JNEUROSCI.0377-09.2009
Gazzola, V., and Keysers, C. (2009). The observation and execution of actions
share motor and somatosensory voxels in all tested subjects: single-subject
analyses of unsmoothed fMRI data. Cereb. Cortex 19, 1239–1255. doi:
10.1093/cercor/bhn181
Gerardin, E., Sirigu, A., Lehéricy, S., Poline, J. B., Gaymard, B., Marsault, C.,
et al. (2000). Partially overlapping neural networks for real and imagined hand
movements. Cereb. Cortex 10, 1093–1104. doi: 10.1093/cercor/10.11.1093
Godschalk, M., Mitz, A. R., van Duin, B., and van der Burg, H. (1995). Somatotopy
of monkey premotor cortex examined with microstimulation. Neurosci. Res. 23,
269–279. doi: 10.1016/0168-0102(95)00950-7
Graziano, M. S. (2001). A system of multimodal areas in the primate brain. Neuron
29, 4–6. doi: 10.1016/S0896-6273(01)00174-X
Graziano, M. S. A., and Cooke, D. F. (2006). Parieto-frontal interactions,
personal space, and defensive behavior. Neuropsychologia 44, 2621–2635. doi:
10.1016/j.neuropsychologia.2005.09.011
Graziano, M. S. A., Taylor, C. S., Moore, T., and Cooke, D. F. (2002). The
cortical control of movement revisited.Neuron 3, 349–362. doi: 10.1016/S0896-
6273(02)01003-6
Greenstein, J., Gastineau, E., Siegel, B., Macsata, R., Conklin, J., and Maurer, A.
(1995). Cerebral hemisphere activation during human bipedal locomotion.
Hum. Brain Mapp. 320.
Grèzes, J., and Decety, J. (2002). Does visual perception of object aﬀord action?
Evidence from a neuroimaging study. Neuropsychologia 4, 212–222.
Grèzes, J., Tucker, M., Armony, J., Ellis, R., and Passingham, R. E. (2003). Objects
automatically potentiate action: an fMRI study of implicit processing. Eur. J.
Neurosci. 17, 2735–2740. doi: 10.1046/j.1460-9568.2003.02695.x
Gustin, S. M., Wrigley, P. J., Henderson, L. A., and Siddall, P. J. (2010). Brain
circuitry underlying pain in response to imagined movement in people with
spinal cord injury. Pain 148, 438–445. doi: 10.1016/j.pain.2009.12.001
Hari, R., and Kujala, M. V. (2009). Brain basis of human social interaction:
from concepts to brain imaging. Physiol. Rev. 89, 453–479. doi:
10.1152/physrev.00041.2007
Hashimoto, T. (2006). Speculation on the responsible sites and pathophysiology
of freezing of gait. Parkinsonism Relat. Disord. 12, S55–S62. doi:
10.1016/j.parkreldis.2006.05.017
Helmich, R. C., de Lange, F. P., Bloem, B. R., and Toni, I. (2007). Cerebral
compensation during motor imagery in Parkinson’s disease. Neuropsychologia
45, 2201–2215. doi: 10.1016/j.neuropsychologia.2007.02.024
Hotz-Boendermaker, S., Funk, M., Summers, P., Brugger, P., Hepp-Reymond,
M. C., Curt, A., et al. (2008). Preservation of motor programs in paraplegics
as demonstrated by attempted and imagined foot movements. Neuroimage 39,
383–394. doi: 10.1016/j.neuroimage.2007.07.065
Iacoboni, M., and Dapretto, M. (2006). The mirror neuron system and
the consequences of its dysfunction. Nat. Rev. Neurosci. 7, 942–951. doi:
10.1038/nrn2024
Iseki, K., Hanakawa, T., Shinozaki, J., Nankaku, M., and Fukuyama, H. (2008).
Neural mechanisms involved in mental imagery and observation of gait.
Neuromage 41, 1021–1031. doi: 10.1016/j.neuroimage.2008.03.010
Ishii, K., Senda, M., Toyoma, H., Oda, D., Ishii, K., Ishiwata, K., et al. (1995). Brain
function in bipedal gait: a PET study.Hum. Brain Mapp. 3:s321.
Jahn, K., Deutschlander, A., Stephan, T., Kalla, R., Wiesmann, M., Strupp, M.,
et al. (2008). Imaging human supraspinal locomotor centers in brainstem
and cerebellum. Neuroimage 39, 786–792. doi: 10.1016/j.neuroimage.2007.0
9.047
Jeannerod, M. (2001). Neural simulation of action: a unifying mechanism for
motor cognition. Neuroimage 14, S103–S109. doi: 10.1006/nimg.2001.0832
Johansson, G., von Hofsten, C., and Jansson, G. (1980). Event perception. Annu.
Rev. Psychol. 31, 27–63. doi: 10.1146/annurev.ps.31.020180.000331
Keysers, C., Wicker, B., Gazzola, V., Anton, J. L., Fogassi, L., and Gallese, V. (2004).
A touching sight: SII/PV activation during the observation and experience of
touch. Neuron 42, 335–346. doi: 10.1016/S0896-6273(04)00156-4
Kurata, K. (1989). Distribution of neurons with set- and movement-related activity
before hand and footmovements in the premotor cortex of rhesusmonkey.Exp.
Brain Res. 77, 245–256. doi: 10.1007/BF00274982
Laﬂeur, M., Jackson, P., Malouin, F., Richards, C. L., Evans, A. C., and Doyon, J.
(2002). Motor learning produces parallel dynamic functional cha nges during
the execution and imagination of sequential foot movements. Neuroimage 16,
142–157. doi: 10.1006/nimg.2001.1048
la Fougere, C., Zwergal, A., Rominger, A., Foerster, S., Fesl, G., Dieterich, M., et al.
(2010). Real versus imagined locomotion: a [18F]-FDG PET-fMRI comparison.
Neuroimage 50, 1589–1598. doi: 10.1016/j.neuroimage.2009.12.060
Maﬀei, V., Giusti, M. A., Macaluso, E., Laquaniti, F., and Viviani, P. (2015).
Unfamiliar walking movements are detected early in the visual stream: an fMRI
study. Cereb. Cortex 25, 2022–2034. doi: 10.1093/cercor/bhu008
Makin, T. R., Holmes, N. P., and Zohary, E. (2007). Is that near my hand?
Multisensory representation of peripersonal space in human intraparietal
sulcus. J. Neurosci. 27, 731–740.
Malouin, F., Richards, C. L., Jackson, P. L., Dumas, F., and Doyon, J. (2003). Brain
activations during motor imagery of locomotor-related tasks: a PET study.
Hum. Brain Mapp. 19, 47–62. doi: 10.1002/hbm.10103
Miyai, I., Tanabe, H. C., Sase, I., Eda, H., Oda, I., Konishi, I., et al. (2001). Cortical
mapping of gait in humans: a near-infrared spectroscopic topography study.
Neuroimage 14, 1186–1192. doi: 10.1006/nimg.2001.0905
Molinari, M., Chiricozzi, F. R., Clausi, S., Tedesco, A. M., De Lisa, M., and Leggio,
M. G. (2008). Cerebellum and detection of sequences, from perception to
cognition. Cerebellum 7, 611–615. doi: 10.1007/s12311-008-0060-x
Mulder, T. (2007). Motor imagery and action observation: cognitive tools for
rehabilitation. J. Neural. Transm. 114, 1265–1278. doi: 10.1007/s00702-007-
0763-z
Nichols, T., Brett, M., Andersson, J., Wager, T., and Poline, J. B. (2005). Valid
conjunction inference with the minimum statistic. Neuroimage 25, 653–660.
doi: 10.1016/j.neuroimage.2004.12.005
Orr, E. L., Lacourse, M. G., Cohen, M. J., and Cramer, S. C. (2008).
Cortical activation during executed, imagined, and observed foot movements.
Neuroreport 19, 625–630. doi: 10.1097/WNR.0b013e3282fbf9e0
Pavlova, M. A. (2012). Biological motion processing as a hallmark of social
cognition. Cereb. Cortex 22, 981–995. doi: 10.1093/cercor/bhr156
Pelosin, E., Avanzino, A., Bove, M., Stramesi, P., Nieuwboer, A., and
Abbruzzese, G. (2010). Action observation improves freezing of gait in
patients with Parkinson’s disease.Neurorehabil. Neural Repair 24, 746–752. doi:
10.1177/1545968310368685
Pisella, L., Sergio, L., Blangero, A., Torchin, H., Vighetto, A., and Rossetti, Y.
(2009). Optic ataxia and the function of the dorsal stream: contributions
Frontiers in Psychology | www.frontiersin.org 9 October 2015 | Volume 6 | Article 1502
Dalla Volta et al. Walking in, walking out: an fMRI study
to perception and action. Neuropsychologia 47, 3033–3044. doi:
10.1016/j.neuropsychologia.2009.06.020
Porro, C. A., Francescato, M. P., Cettolo, V., Diamond,M. E., Baraldi, P., Zuiani, C.,
et al. (1996). Primary motor and sen sory cortex activation during motor
performance and motor imagery: a functional magnetic resonance imaging
study. J. Neurosci. 16, 7688–7698.
Quinlan, D. J., and Culham, J. C. (2007). fMRI reveals a preference for near
viewing in the human parietooccipital cortex. Neuroimage 36, 167–187. doi:
10.1016/j.neuroimage.2007.02.029
Rizzolatti, G., and Craighero, L. (2004). The mirror-neuron system. Annu. Rev.
Neurosci. 27, 169–192. doi: 10.1146/annurev.neuro.27.070203.144230
Rizzolatti, G., Fadiga, L., Fogassi, L., and Gallese, V. (1996). Premotor cortex and
the recognition of motor actions. Brain Res. 3, 131–141.
Rizzolatti, G., Fadiga, L., Fogassi, L., and Gallese, V. (1997). The space around us.
Science 11, 190–191. doi: 10.1126/science.277.5323.190
Rocca, M. A., and Filippi, M. (2010). FMRI correlates of execution and
observation of foot movements in left-handers. J. Neurol. Sci. 288, 34–41. doi:
10.1016/j.jns.2009.10.013
Roland, P. E., Larsen, B., Lassen, N. A., and Skinhøj, E. (1980). Supplementary
motor area and other cortical areas in organization of voluntary movements
in man. J. Neurophysiol. 43, 118–136.
Sacco, K., Cauda, F., Cerliani, L., Mate, D., Duca, S., and Geminiani, G. C. (2006).
Motor imagery of walking following training in locomotor attention. The eﬀect
of the “tango lesson”.Neuroimage 32, 1441–1449.
Sakreida, K., Schubotz, R. I., Wolfensteller, U., and von Cramon, D. Y.
(2005). Motion class dependency in observers’ motor areas revealed by
functional magnetic resonance imaging. J. Neurosci. 25, 1335–1342. doi:
10.1523/JNEUROSCI.4170-04.2005
Salsone, M., Bagnato, A., Novellino, F., Cascini, G. L., Paglionico, S., Cipullo, S.,
et al. (2009). Cardiac MIBG scintigraphy in primary progressive freezing
gait. Parkinsonism Relat. Disord. 15, 365–369. doi: 10.1016/j.parkreldis.200
8.08.008
Schicke, T., Bauer, F., and Röder, B. (2009). Interactions of diﬀerent body
parts in peripersonal space: how vision of the foot inﬂuences tactile
perception at the hand. Exp. Brain Res. 192, 703–715. doi: 10.1007/s00221-00
8-1587-2
Sereno, M. I., and Huang, R. S. (2006). A human parietal face area contains
aligned head-centered visual and tactile maps. Nat. Neurosci. 9, 1337–1343. doi:
10.1038/nn1777
Shibasaki, H., Sadato, N., Lyshkow, H., Yonekura, Y., Honda, M., Nagamine, T.,
et al. (1993). Both primary motor cortex and supplementary motor area play an
important role in complex ﬁnger movement. Brain 116, 1387–1398.
Small, S. L., Buccino, G., and Solodkin, A. (2013). Brain repair after
stroke–a novel neurological model. Nat. Rev. Neurol. 9, 698–707. doi:
10.1038/nrneurol.2013.222
Solodkin, A., Hlustik, P., Chen, E. E., and Small, S. L. (2004). Fine modulation in
network activation during motor execution and motor imagery. Cereb. Cortex
14, 1246–1255. doi: 10.1093/cercor/bhh086
Spence, C., Pavani, F., Maravita, A., and Holmes, N. (2004). Multisensory
contributions to the 3-D representation of visuotactile peripersonal space in
humans: evidence from the cross modal congruency task. J. Physiol. Paris 98,
171–189. doi: 10.1016/j.jphysparis.2004.03.008
Spence, C., Pavani, F., Maravita, A., and Holmes, N. P. (2008). “Multisensory
interactions,” in Haptic Rendering: Foundations, Algorithms, and Applications,
eds M. C. Lin and M. A. Otaduy (Wellesley,MA: A.K. Peters Ltd), 21–52.
Stephan, K. M., Fink, G. R., Passingham, R. E., Silbersweig, D., Ceballos-
Baumann, A. O., Frith, C. D., et al. (1995). Functional anatomy of the mental
representation of upper extremity movements in healthy subjects. J. Neurophys.
73, 373–386.
Tanji, J., and Kurata, K. (1985). Contrasting neuronal activity in supplementary and
precentral motor cortex of monkeys. I. Responses to instructions determining
motor responses to forthcoming signals of diﬀerent modalities. J. Neurophysiol.
53, 129–141.
Tashiro, M., Itoh, M., Fujimoto, T., Fujiwara, T., Ota, H., Kubota, K., et al. (2001).
18F-FDG PET mapping of regional brain activity in runners. J. Sports Med.
Phys. Fitness 41, 11–17.
Toni, I., Shah, N. J., Fink, G. R., Thoenissen, D., Passingham, R. E.,
and Zilles, K. (2002). Multiple movement representations in the human
brain: an event-related fMRI study. J. Cogn. Neurosci. 14, 769–784. doi:
10.1162/08989290260138663
van der Meulen, M., Allali, G., Rieger, S. W., Assal, F., and Vuilleumier, P. (2012).
The inﬂuence of individual motor imagery ability on cerebral recruitment
during gait imagery.Hum. Brain Mapp. 35, 455–470. doi: 10.1002/hbm.22192
Wang, C., Wai, Y., Kuo, B., Yeh, Y.-Y., and Wang, J. (2008). Cortical control of
gait in healthy humans: an fMRI study. J. Neural. Transm. 115, 1149–1158. doi:
10.1007/s00702-008-0058-z
Wenderoth, N., Toni, I., Bedeleem, S., Debaere, F., and Swinnen, S. P.
(2006). Information processing in human parieto-frontal circuits during
goal-directed bimanual movements. Neuroimage 301, 264–278. doi:
10.1016/j.neuroimage.2005.11.033
Wheaton, K. J., Thompson, J. C., Syngeniotis, A., Abbott, D. F., and Puce, A.
(2004). Viewing the motion of human body parts activates diﬀerent regions
of premotor, temporal, and parietal cortex. Neuroimage 22, 277–288. doi:
10.1016/j.neuroimage.2003.12.043
Wolpert, D. M., Goodbody, S. J., and Husain, M. (1998). Maintaining internal
representations: the role of the human superior parietal lobe. Nat. Neurosci. 1,
529–533. doi: 10.1038/2245
Yuan, H., Liu, T., Szarkowski, R., Rios, C., Ashe, J., and He, B. (2010).
Negative covariation between task-related responses in alpha/beta-band
activity and BOLD in human SM cortex: an EEG and fMRI study
of motor imagery and movements. Neuroimage 49, 2596–2606. doi:
10.1016/j.neuroimage.2009.10.028
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2015 Dalla Volta, Fasano, Cerasa, Mangone, Quattrone and Buccino.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Psychology | www.frontiersin.org 10 October 2015 | Volume 6 | Article 1502
